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Cultivation conditions and the diffusion of
oxygen into culture media: The rationale for
the flask-to-medium ratio in microbiology
Greg A Somerville1* and Richard A Proctor2
Abstract
Bacterial cultivation requires consideration of three things: The bacterial strain, cultivation medium, and cultivation
conditions. Most microbiologists dutifully report their choice of strains and cultivation media in manuscripts;
however, these same microbiologists often overlook reporting cultivation conditions. Without this information, it is
difficult to determine if cultures were grown aerobically, microaerobically, or anaerobically. To cultivate bacteria
aerobically, it is necessary to understand that oxygen does not readily diffuse into culture media; it needs help to
get in. Microbiologists can do this by altering the flask-to-medium ratio, rpm of agitation, and/or the concentration
of atmospheric oxygen, or by using baffled flasks.
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In 1861, Louis Pasteur observed that yeast cultivated
under aerobic growth conditions had an increased biomass relative to yeast grown under anaerobic conditions,
and that this increase in biomass correlated with a decrease in fermentative metabolism [1]. This observation
would become known as the Pasteur Effect; however, it
would take nearly a century to provide the metabolic
explanations for this observation (e.g., NAD+-dependent
activation of isocitrate dehydrogenase and feedback inhibition of phosphofructokinase; [2]). During the century
it took to arrive at the metabolic explanations of the
Pasteur Effect, it was observed that this effect was not
unique to yeast, but it was also observed in mammalian
tissues [3] and bacteria [4]. Fundamental to all of these
observations, were the cultivation conditions; specifically, the dissolved oxygen content of the culture media.
To understand the effect of aeration on yeast, eukaryotic
cells, bacteria, etc., it is essential to have a basal level of
knowledge about the diffusion of oxygen into water.
The flux of oxygen into water follows Fick’s first law;
hence, it is significantly influenced by the diffusion coefficient. The diffusion coefficient for oxygen into water is
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2.1×10-5 cm2/second at 25°C, while the diffusion coefficient for oxygen into air is approximately 0.2 cm2/second [5]. In other words, oxygen is nearly 10,000 times
more diffusive into air than it is into water. One obvious
reason for this difference between the diffusivity of oxygen into air versus water is the viscosity of water is
1.002 centipoise at 20°C while the viscosity of air is approximately 0.18 centipoise. If the concentration of oxygen or the pressure is increased, then the flux of oxygen
into water will increase even though the viscosity of
water remains constant. From a biological perspective, it
is uncommon to use saturating oxygen concentrations
or high pressures. Hence, most biological experiments
rely on an oxygen concentration of 20.946%; specifically,
the concentration of oxygen in dry air at sea level and
at 25°C. What does all of this mean to a biologist? The
dissolved oxygen content of distilled water at 25°C is
5.77 ml/L [6], a concentration insufficient to support
most aerobic life forms that do not have gills. This gets
more complicated when we take into account that cultivation of biological specimens is never performed in
pure water, but in water having dissolved solutes (e.g.,
electrolytes and metabolites). A 10% solution of sodium
chloride at 25°C has a dissolved oxygen content 5.21 ml/L
[6], so the more concentrated the cultivation medium, the
less oxygen is available to the biological specimens. In
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addition, it is common to autoclave culture media at
121°C at 15 psi of pressure for 15 minutes to sterilize the
media. Heating water to a temperature of 100°C results in
the deaeration of water. While the pressure in the autoclave is maintained, deaeration is reduced; however, once
the pressure is lost and the media are still boiling deaeration will occur.
As stated, the diffusion coefficient for oxygen into water
is very small, resulting in a minimal depth of penetration
into culture media [7]. In a static culture, the diffusion of
oxygen into the medium only occurs at the very top of the
surface of the liquid that is exposed to the atmosphere;
hence, everything below about 1 mm is growing anaerobically. To overcome a lack of oxygen in the media, the easiest
solution is to increase the surface area exposed to the atmosphere. The two more commonly used methods for increasing the surface area are: decreasing the volume of
media contained in a flask, such that there is only a thin
layer of culture medium in the flask; and agitating the culture, such that the media is forced into thin films. Typically, these two methods are combined such that the
volume of medium contained in a culture flask will form a
thin film when agitated on a rotary shaker due the application of centripetal force [8]. The formation of thin films of
culture media can be aided by the use of baffled flasks,
which create bubbles and increase the surface area exposed
to the atmosphere [9]. Taken together, aeration in batch
cultures is a function of the volume of culture media in the
flask, agitation speed, and the use of baffled flasks. In practice, the flask-to-media ratio, rpm of aeration, and the use
of baffled flasks must be empirically determined for the
task at hand and the biological specimen being cultured.
Cultivation conditions that influence the diffusion of
oxygen into culture media will alter metabolism, electron
transport, redox poise, etc., causing regulatory changes
(e.g., [10]) that will alter the synthesis of bioproducts. For
these reasons, it is important to carefully consider the cultivation conditions when designing an experiment. As
an example, changing the flask-to medium ratio from 7:1
to 4:1, with 160 rpm of agitation, causes Staphylococcus
epidermidis to transition from producing acetic acid to
producing lactic acid when grown in tryptic soy broth
containing glucose, a change that coincides with an increase in the accumulation of polysaccharide intercellular
adhesion, the extracellular matrix of a biofilm [11]. As illustrated in this example, it is imperative that authors accurately report, and editors demand, the reporting of specific
cultivation conditions [12].

Page 2 of 2

Author details
School of Veterinary Medicine and Biomedical Sciences, University of
Nebraska, Lincoln, NE 68583-0905, USA. 2Departments of Medicine and
Medical Microbiology/Immunology, University of Wisconsin School of
Medicine and Public Health, Madison, WI, USA.
1

Received: 3 January 2013 Accepted: 14 January 2013
Published: 16 January 2013
References
1. Pasteur L: Animalcules infusoires vivant sans gaz oxygene libre et
determinant des fermentations. Compt Rend Acad Sci (Paris) 1861,
52:344–347.
2. Barker J, Khan MA, Solomos T: Mechanism of the Pasteur effect. Nature
1966, 211(5048):547–548.
3. Laser H: Tissue metabolism under the influence of low oxygen tension.
Biochem J 1937, 31(9):1671–1676.
4. Winslow CE, Walker HH, Sutermeister M: The influence of aeration and of
sodium chloride upon the growth curve of bacteria in various media.
J Bacteriol 1932, 24(3):185–208.
5. Weast RC (Ed): CRC Handbook of Chemistry and Physics. 69th edition. Boca
Raton, Florida, USA: CRC Press, Inc; 1989.
6. Carpenter JH: New measurements of oxygen solubility in pure and
natural water. Limnol Oceanogr 1966, 11(2):264–277.
7. Fenchel T, Finlay B: Oxygen and the spatial structure of microbial
communities. Biol Rev Camb Philos Soc 2008, 83(4):553–569.
8. Finn RK: Agitation-aeration in the laboratory and in industry. Bacteriol Rev
1954, 18(4):254–274.
9. McDaniel LE, Bailey EG, Zimmerli A: Effect of oxygen supply rates on
growth of Escherichia coli. Appl Microbiol 1965, 13:109–114.
10. Somerville GA, Proctor RA: At the crossroads of bacterial metabolism and
virulence factor synthesis in Staphylococci. Microbiol Mol Biol Rev 2009,
73(2):233–248.
11. Vuong C, Kidder JB, Jacobson ER, Otto M, Proctor RA, Somerville GA:
Staphylococcus epidermidis polysaccharide intercellular adhesin
production significantly increases during tricarboxylic acid cycle stress.
J Bacteriol 2005, 187(9):2967–2973.
12. Neidhardt FC: Apples, oranges and unknown fruit. Nat Rev Microbiol 2006,
4(12):876.
doi:10.1186/1471-2180-13-9
Cite this article as: Somerville and Proctor: Cultivation conditions and
the diffusion of oxygen into culture media: The rationale for the flaskto-medium ratio in microbiology. BMC Microbiology 2013 13:9.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges

Acknowledgements
GAS was supported by funds provided through the Hatch Act to the
University of Nebraska Institute of Agriculture and Natural Resources and by
funds provided through the NIH (AI087668). We would like to thank Dr. Rosi
Gaupp for critical review of the manuscript.

• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

